The Salmonella flagellar operons are divided into three classes with reference to their relative positions in the transcriptional hierarchy. Expression of the class 2 operons requires the class 1 gene products, FlhD and FlhC, and is enhanced by an unknown mechanism in the presence of the class 3-specific sigma factor, FliA, and in the absence of its cognate anti-sigma factor, FlgM. In this study, the transcriptional start site mapping was performed by primer extension analysis for five class 2 operons, flgA, flgB, flhB, fliE and fliL. In all cases, one or a few major transcriptional start sites were identified. These start signals disappeared in the flhDCmutant background, and their intensity decreased and increased in the fliA-mutant and flgM-mutant backgrounds, respectively. Therefore, we conclude that the FlhD/FlhC-dependent transcription is responsible for the FliA-dependent enhancement. Sequence comparison revealed that an imperfect inverted repetitious sequence is conserved upstream of the class 2 operons. Truncation of this sequence from the flgB promoter reduced its transcriptional activity to the background level, indicating that this is an essential cis-acting element for transcription of the class 2 operons.
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The bacterial flagellum is composed of three structural parts, a basal body, a hook and a filament. Nearly 50 genes are required for flagellar formation and function in Salmonella and Escherichia coli. These flagellar genes constitute at least 14 different operons on the chromosome, and their expression forms a highly organized cascade called the flagellar regulon (Komeda, 1986; Kutsukake et al., 1990; Kutsukake, 1997) . The flagellar operons are divided into three classes with respect to their transcriptional hierarchy . Class 1 contains only one operon, flhD, consisting of two genes, flhD and flhC, whose products are required for the class 2 expression. Class 2 contains operons responsible for formation of the basal body-hook structure. Class 2 contains also the fliA gene, which encodes an alternative sigma factor, σ 28 , specific for the class 3 promoters (Ohnishi et al., 1990) . Class 3 contains operons responsible for filament formation, flagellar rotation or chemotaxis. FliA-dependent transcription of class 3 is under negative control from an anti-sigma factor, FlgM (Ohnishi et al., 1992; Iyoda and Kutsukake, 1995) . Through in vitro transcription experiments, transcription from the class 2 promoters was shown to be initiated by σ 70 -RNA polymerase in the presence of FlhD and FlhC (Liu and Matsumura, 1994; Ikebe et al., 1999) . DNase I footprinting analysis revealed that the FlhD/FlhC complex could protect in vitro the DNA region 30 to 80 bp upstream of the transcriptional start site in three class 2 promoters of E. coli (Liu and Matsumura, 1994) . The FlhD/FlhC complex was postulated to activate class 2 transcription through binding to this DNA region and contacting the α subunit of RNA polymerase (Liu et al., 1995) . However, little is known about the in vivo role of this DNA region in the class 2 promoter activity. One sequence element (TTATTCC) was found to be conserved in the upstream regions of at least some class 2 promoters of Salmonella (Kutsukake and Ide, 1995; Ikebe et al., 1999) , but its role in class 2 transcription has not been examined yet. Therefore, a common structural feature of the FlhD/FlhCbinding site has remained unknown. On the other hand, the FlhD/FlhC-dependent transcription of all the class 2 operons was shown to be enhanced in vivo in the presence of the functional fliA operon in the FlgM-depletion condition in Salmonella . The fliA and fliL operons of E. coli and the fliA operon of Salmonella were shown to possess a σ 28 -dependent class 3 promoter in addition to a class 2 promoter (Mytelka and Chamberlin, 1995; Liu and Matsumura, 1996; Ikebe et al., 1999) . This raised a possibility that the FliA-dependent enhancement might be attributable to the presence of class 3 promoters in the class 2 operons. However, this mechanism is unlikely to be applicable to other class 2 operons, because their upstream regions do not contain sequences with good homology to the consensus sequence of the σ 28 -dependent promoters.
In this study, we analyzed more intensively the transcription in vivo of the class 2 operons in Salmonella. Here we report the transcriptional start sites for five class 2 operons and sequence elements essential for their transcription.
So far, transcriptional start sites have been determined for only two class 2 promoters (the fliD and fliA promoters) in Salmonella (Kutsukake and Ide, 1995; Ikebe et al., 1999) . In this study, primer extension-mediated mapping of the transcriptional start sites was carried out for all the remaining class 2 operons of Salmonella. They include the flgA, flgB, flhB, fliE, fliF and fliL operons. Salmonella strains used were KK1004 (wild type), KK2040 (flhD::Tn10), KK2091 (fliA::Tn10) and KK1311 (flgM::cat) Kutsukake, 1994) . Procedures for isolation of RNAs, primer extension reaction and separation of extension products were as described previously (Kutsukake and Ide, 1995) .
The results of primer extension are shown in Fig.  1 . Though we could not detect any start signal for the fliF operon (data not shown), one or a few major transcriptional start signals were detected in KK1004 for all the remaining operons (lane 1). These signals disappeared in KK2040 (lane 2), indicating that they correspond to the start sites for the class 2 promoters. There was no signal, which disappeared in KK2091 (lane 3). This suggests that these class 2 operons do not possess a class 3-type promoter. However, in all cases, the intensity of the class 2 start signals decreased in KK2091 (lane 3) and increased in KK1311 (lane 4). This indicates that transcription from the FlhD/FlhC-dependent class 2 promoters is responsible for FliA-dependent enhancement. The fliA and flgM mutations had only subtle effects on the intensity of these start signals. This result is consistent with our previous observation that the FliA-FlgM regulatory system has merely an auxiliary role in the class 2 expression . Therefore, as suggested previously (Kutsukake, 1997) , it is most likely that FliA-dependent enhancement of the class 2 expression is mediated via activation of expression or function of the FlhD and FlhC proteins. Experiments are now in progress to test this possibility.
Though the fliL operon of E. coli possesses both class 2 and class 3 promoters (Arnosti and Chamberlin, 1989; Liu and Matsumura, 1996) , that of Salmonella was found to possess only a class 2 promoter. This is consistent with the fact that the upstream region of the fliL operon of E. coli contains both the -35 and -10 consensus sequences of the σ 28 -dependent promoter, but that of the fliL operon of Salmonella lacks the -35 consensus sequence (data not shown). Based on the data on the transcriptional start sites, we compared the nucleotide sequences of the upstream regions of the class 2 promoters (Fig. 2) . For this purpose, three E. coli promoters whose transcriptional start sites had been determined were also included. In all cases, the -10 region resembles the -10 consensus sequence of the σ 70 -dependent promoter, while a sequence corresponding to the -35 consensus is not evident. Though any compelling conserved sequence elements are not found, the previously proposed sequence element, TTATTCC, is weakly conserved 40 to 50 bp upstream of the transcriptional start sites in all the class 2 promoters. In addition, 15 to 19 bp upstream of this element is another weakly conserved sequence element, GCAATAA, which is imperfectly complementary to the downstream TTATTCC element. Therefore, the sequences upstream of the class 2 promoters show weak dyad symmetry. In order to know whether these sequence elements are actually involved in the class 2 promoter activity, we examined the effect of truncation of these elements on the flgB expression. PCR-amplified DNA fragments containing various regions of the flgB promoter were inserted into a promoter-probe vector pRL124 (Malo and Loughlin, 1988) to obtain flgB-lacZ transcriptional fusions. The resulting plasmids were introduced into KK1004 and KK2040 by transformation, and the ß-galactosidase enzyme activity was assayed with the transformants (Fig.  3) . pRLGB1 carrying the -212 to +215 region of the flgB operon showed a high enzyme activity in KK1004, and the flhD::Tn10 mutation in KK2040 reduced this activity to less than 10%. As expected, truncation of the -10 sequence eliminated the promoter activity (pRLGB4 and pRLGB14). On the other hand, truncation of the -212 to -88 region had only a slight effect on the enzyme activity (pRLGB6), indicating that the DNA region upstream of the dyad symmetry is dispensable for the class 2 promoter activity. However, the enzyme activity was much reduced by truncation of the upstream GCAATAA element Ikebe et al., 1999 ; fliD of Salmonella, Kutsukake and Ide, 1995 ; flhB and fliL of E. coli, Liu and Matsumura, 1994;  fliA of E. coli, Mytelka and Chamberlin, 1996 . The promoter -10 consensus sequences are doubly underlined. Leftward and rightward arrows indicate the TTATTCC and GCAATAA elements, respectively. Hatched box indicates the DNA region protected in vitro by the FlhD/FlhC complex in E. coli (Liu and Matsumura, 1994) . Fig. 3 . Truncation analysis of the flgB promoter. +1 indicates the major transcriptional start site for the flgB operon. Horizontal lines indicate the DNA regions inserted into a promoter probe vector, pRL124. Each DNA fragment was PCR-amplified and inserted into pRL124 at the SmaI-EcoRI site. The ß-galactosidase enzyme activity was measured with KK1004 (wild type) or KK2040 (flhD::Tn10) harboring one of the resulting plasmids according to the methods described previously and is expressed as a value relative to that of KK1004 harboring pRLGB1, whose actual value (Miller units) is 1770.
(pRLGB2) and almost eliminated by truncation of both of the GCAATAA and AATAACC elements (pRLGB3). This result indicates that these elements are essential for the class 2 promoter activity in vivo. Because these sequence elements are both located within the DNA regions protected in vitro by the FlhD/FlhC complex (Fig. 2) , they are most likely to act in vivo as a FlhD/FlhC-binding site. The FlhD/FlhC complex was reported to be a heterotetramer consisting of two subunits each of FlhD and FlhC (Liu and Matsumura, 1994) . Therefore, the dyad symmetry in this DNA region suggests that both heterodimers in the heterotetramer may be involved in DNA binding.
